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The proximal tubule reabsorbs 50 to 60% of the water
contained in the glomerular ultrafiltrate and 40 to 50% of the
filtered NaCl. Although the reabsorbate is approximately isoos-
motic, the relatively rapid reabsorption of HC03 and organic
solutes results in a rise in the tubule fluid Cl to a level
approximately 20% higher than in plasma. The mechanism of
proximal NaC1 reabsorption was first considered to be similar to
that found in the frog skin: active transcellular Na transport
generating a lumen-negative transepithelial potential difference
(PD) with passive paracellular Cl— diffusion down its electro-
chemical gradient. Although such a mechanism does appear to
exist in the mammalian proximal straight tubule (PST) [11, there
is little, if any, apical Na conductance, other than that coupled
in organic solute transport, in the mammalian proximal convo-
luted tubule (PCT). These filtered organic solutes (5 to 10 mM)
allow the reabsorption of at least 15% of the filtered NaCI by
active, transcellular, electrogenic Na reabsorption and pas-
sive paracellular Cl— transport. This process is limited to the
early portion of the PCT where organic solutes are present.
Proximal NaC1 reabsorption is thought to occur predominantly
in the later portion of the proximal tubule. In the late PCT both
Na and Cl— reabsorption have been considered to be in large
part passive and paracellular. Passive NaCI reabsorption might
be via diffusion and/or convection, driven by forces set up by
active transcellular NaHCO3 reabsorption in the early portion
of the proximal tubule [2]. Current evidence supports passive
NaC1 reabsorption, but quantitatively it probably does not
account for more than 50% of late PCT reabsorption and at
most 15% of total filtered NaCI reabsorption [3]. More recently,
a third mechanism of proximal NaCI absorption has been
suggested to account for the remaining 20% of filtered NaCI:
active, transcellular, electroneutral NaCl absorption.
Evidence for active, transcellular, electroneutral NaCI
absorption
Cell chloride concentration
In a cell whose membranes are conductive to Cl and have
no other means of transporting Cl—, Cl— should distribute
passively across the cell membrane. The intracellular Cl
activity would be in electrochemical equilibrium with extracel-
lular C1 and the transmembrane potential difference according
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to the Nernst equation. However, the finding that Cl is
distributed according to electrochemical equilibrium does not
exclude the existence of active chloride transport. It may be
that the C1 ion in passing from tubular fluid to blood moves
through the cell, but that the apical and basolateral membrane
transport processes operate at or very near to equilibrium. Such
a situation has recently been described in muscle [41. On the
other hand, if Cl is in fact moving through the cell during the
reabsorptive process, then the finding of cell Cl activity above
electrochemical equilibrium definitely indicates the existence of
an active step located at the apical membrane.
Studies in rabbit proximal tubule suspensions using isotopic
C1 by Abramow, Burg and Orloff [19] in 1967 were the first to
suggest that the chemical distribution of C1 in the proximal
tubule was not consistent with electrochemical equilibrium.
Most subsequent studies in different laboratories have con-
firmed this impression. Table 1 gives available measurements of
intracellular C1 activity in amphibian and mammalian proximal
tubules. As shown, in 1973 Khuri et al [5] reported intracellular
Cl activity in Necturus proximal tubule to be approximately 19
m, about three times greater than that predicted for electro-
chemical equilibrium. The first measurements in mammalian
(rat) PCT in 1978 reported that intracellular Cl was close to
electrochemical equilibrium [14]; however, more recent mea-
surements in both rat [15] and rabbit [16] PCT suggest that
intracellular Cl activity is at least twice that predicted for
electrochemical equilibrium. Rabbit PST appear to have intra-
cellular Cl activities slightly above electrochemical equilib-
rium [17, 18].
Arguments in favor of active, transcellular NaCI reabsorption
in amphibian proximal tubule
In the Necturus proximal tubule the transepithelial PD is
oriented some 5 mV lumen negative and could drive C1
through the highly conductive, C1 selective paracellular path-
way [5—101. However, Table 1 shows that even in this species,
intracellular Cl— activity is two to three times higher than
predicted for electrochemical equilibrium, suggesting transcel-
lular, as well as paracellular, transport of Cl.
Arguments in favor of active, transcellular and electroneutral
NaC1 reabsorption in the mammalian proximal tubule
In addition to the observations that intracellular C1 activity
is about twice that predicted for electrochemical equilibrium in
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____________________________________________________
the rat and rabbit PCT (Table 1), three other methods have been
used to demonstrate transcellular chloride absorption in the
__________________________________________________
proximal tubule. First, in 1975 Cardinal, Lutz Burg and Orloff
[201 demonstrated that volume absorption was not related to
transepithelial PD.
Second, in 1979 Green, Bishop and Giebisch [21] and Lucci
and Warnock [221 inhibited net NaC1 reabsorption with anion
substitutions or anion transport inhibitors in the luminal perfus-
ate. The results of these anion substitutions and inhibitors,
which interfere with carrier-mediated anion transport without
affecting the passive properties of the paracellular pathway,
suggest a carrier-mediated mechanism for luminal membrane
movement of C1.
Third, demonstration of net C1 reabsorption in the absence
of a transepithelial electrochemical gradient required to drive
__________________________________________________________ passive paracellular reabsorption suggests the presence of
electroneutral transcellular NaC1 transport. In 1979 Chantrelle
et al [23, 24] found active C1 absorption in the doubly
microperfused in situ rat PCT in the absence of a chemical
_______
_______ _______
gradient and, as subsequently shown by Howlin et al [25], an
_______
________ ________
electrical gradient. The first simultaneous evaluation of NaCl
reabsorption and the total transepithelial electrochemical gra-
dient was performed by Baum and Berry [261 in the in vitro
perfused rabbit PCT in 1984. Figure 1 shows some of their data.
In the first panel PCT were perfused with a high chloride-low
bicarbonate solution, simulating late proximal tubular fluid and
bathed in a serum-like albumin solution. The rate of volume
absorption, which predominantly represents NaCI absorption,
was 0.64 ni/mm mm and the PD was +2.3 mY. In the middle
panel the Ci gradient was eliminated by changing the bath
solution to a high chloride plus albumin fluid. Volume absorp-
tion decreased to 0.54 nllmm mm and the PD decreased to zero.
This rate of volume absorption (0.54 nllmm mm) in the absence
of any transepithelial electrochemical gradient for Na or C1
must be due to active, transcellular and electroneutral ion
movement. That this is the case was further supported by the
third panel where l0- M ouabain decreased volume absorption
to zero, without changing the PD. In 1985 Alpern, Howlin and
Preisig [27] confirmed these conclusions in the rat by changing
luminal Cl concentration and measuring C1 flux and PD.
They showed that C1 absorption persisted in the absence of
any transepithelial electrochemical driving force, again support-
ing the existence of significant electroneutral, transcellular C1
transport.
Arguments against active, transcellular, electroneutral NaCI
absorption in the mammalian proximal tubule
In the in vitro perfused rabbit PST Schafer, Patlak and
Andreoli [28] were able to quantitatively describe C1 rabsorp-
tion in terms of passive driving forces. In this tubule segment
there appears to be a simple Na conductance in the apical
membrane which generates a lumen-negative PD on the order of
1 mV, which is capable of accounting for Cl reabsorption via
the highly conductive, Cl selective paracellular pathway [1].
This finding is consistent with an intracellular C1 activity near
equilibrium (Table 1). However, as will be discussed later,
Schild et al [29] have shown that in the presence of formate
there can be electroneutral NaCI absorption in rabbit PST.
In rat PCT Cassola, Mollenhauer and Fromter [15] found
intracellular Cl— activity to be twice that predicted for electro-
Table 1. Proximal tubule intracellular chloride activity (aci')
Species
•a' mivi
Equilibrium
aci' ms-i Investigator Year
Amphibian
Necturus
Bullfrog
Ambystoma
Triturus
Mammalian
Rat PCT
Rabbit PCT
Rabbit PST
18.7
24.5
16.9
14.6
13.2
9.9
16.8
22.4
8,5
13.1
20.6
17.8
21.6
—-6
10
—6
—6
—6
10
—10
5.9
8.5
6
12—14
13.7
16
Khuri et al [5]
Spring, Kimura [6]
Shindo, Spring [8]
Edelman et al [9]
Guggino et a! [10]
Fujimoto, Kubota [11]
Boron, Boulpaep [12]
Yositomi, Hoshi [13]
Sohtell [14]
Cassola et al [15]
Krapf et al [16]
Ishibashi et al [17]
Sasaki et al [181
1973
1978
1981
1981
1982
1976
1983
1983
1978
1983
1988
1987
1988
Perfusate
Bath
HICI
COMP-ALB
H1CI
HICI'-ALB
H1CI
lliCI-ALB
OUA
I I
H
.64 0.22 0.54 0.11 0.12 0.10
0.8 -
0.6
E
$0.4-
0.2
Mean SEM -(N=5) :
+ 3.0
E +2.0
0.
+1.0
Mean SEM
+2.3 0.0 0.2 +0.1 0.1
Fig. 1. Effect of io— M ouabain (OUA) on NaCI reabsorption in the
absence of chloride and bicarbonate concentration gradients (panels 2
and3). Panel I represents NaCI reabsorption in the presence of chloride
and bicarbonate concentration gradients. NaCl transport in panel I is
both active and passive.
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chemical equilibrium (Table 1). However, Fromter, Rumrich
and Ullrich [30] had previously argued that all Clreabsorption
in rat PCT was passive and paracellular. In order to reconcile
these views, Cassola et a! [15] estimated the transcellular
fraction of total Cl reabsorption. These authors reasoned that
intracellular C1 activity was being maintained above electro-
chemical equilibrium by an apical transport process dependent
on the luminal chloride concentration. Therefore, removal of
luminal C1 should result in a decrease in intracellular C1
activity at a rate determined by Cl effiux across both the apical
and basolateral cell membranes. Thus, the rate of change of
intracellular Cl— activity following luminal Cl removal should
overestimate the rate of transcellular C1 reabsorption after
correction for cell volume. Using this approach these authors
found that the average half-time for change in cell Cl— activity
was 18.6 s. Even if all the Cl exited across the basolateral
membrane, this very slow rate accounts for only 2.6 pmol/cm s,
or less than 7% of net Cl absorption in the rat PCT. The validity
of their analysis, however, depends on three important condi-
tions. First, the response time of the high resistance C1-
selective microelectrode must be sufficiently fast to record
transients. Although the response time of their electrodes
appeared to be sufficiently fast, studies of intracellular Cl— ion
activity data using the C1-sensitive fluorescent indicator, SPQ,
yielded half-times for changes in cell Cl activity that were
almost an order of magnitude faster (2 to 3 s) [16] than those
obtained by Cassola et a! [15]. Second, their analysis requires
that neither apical nor basolateral transport mechanisms are
regulated within the time span of the measurement. Finally, the
experimental condition should mimic the physiologic conditions
under which maximal transcellular NaCl transport is proposed
to occur. There is reasonable evidence to suggest that electro-
neutral transcellular NaCI reabsorption in the PCT occurs
primarily after the luminal fluid is acidified and the Cl concen-
tration elevated [2, 24]. In the studies by Cassola et al [151 the
tubules were perfused with a bicarbonate-chloride solution
simulating plasma ultrafiltrate, a condition which would mini-
mize transcellular NaCl reabsorption.
Apical membrane NaCI cotransport mechanisms
Figure 2 presents the possible apical membrane NaCI trans-
port mechanisms: parallel conductive pathways, neutral cotrans-
port and parallel ion exchangers.
Parallel conductive pathways
Cell NaCI reabsorption in the absence of a transepithelia! PD
might occur by Na and C1 diffusion across the lumina!
Na membrane down their electrochemical gradients, not directly
coupled to the movement of any other solute. The absence of a
transepithelial PD indicates no net current flow across the
apical membrane. Thus, this possibility requires conductive
pathways for both Na and C1 in the apical cell membrane
with equal Na and Cl currents from lumen to cell. While
there is good evidence for a simple Na conductance in the
luminal membrane of rabbit PST [1] there is no data suggesting
a simple Na conductance in intact rat [31] or rabbit [32] PCT.
C! movement across the apical membrane by electrodiffu-
sion requires a Cl conductance and a favorable electrochem-
ical gradient. The existence of a simple C1 conductance in
proximal tubule apical cell membranes is controversial. In
brush border membrane vesicles (BBMV) an important conduc-
tive pathway for Cl is demonstratable [33—36]. In contrast,
studies in the intact rat and rabbit PCT have failed to find any
evidence for such a pathway [31, 32]. The most convincing
study examining this point was performed by Cardinal,
Lapointe and Laprade [32]. After taking into account the large
change in apical membrane potential generated by diffusion of
C1 across the paracellular pathway, no significant change in
apical membrane PD could be detected following a 110 mM
luminal substitution of Cl by cyclamate.
Even if there were significant apical membrane Cl conduc-
tance, transcellular C1 absorption would also require a favor-
able electrochemical gradient between luminal fluid and the
cell. The observations of intracellular C1 activity substantially
above electrochemical equilibrium (Table 1), however, are a
strong argument, in themselves, against parallel Na and Cl
conductances and favor specific carrier-mediated transport
mechanisms.
Neutral, directly coupled, NaCl cotransport
In 1978 and 1979 Spring and Kimura [6] and Kimura and
Spring [7], analyzed the luminal entry step responsible for
elevating intracellular Cl activity above electrochemical equi-
librium in Necturus proximal tubule. They found that intracel-
lular Cl activity responded rapidly to changes in the lumina!
NaCI concentration, that there was an important C1-depen-
dent flux of Na across the lumina! membrane, and that both
were independent of the luminal membrane PD. These data
strongly suggest an important role for a directly coupled Na-Cl
symporter in the apical membrane of Necturus proximal tubule,
similar to the sodium-coupled chloride transport mechanisms
reported for the intestine, the gallbladder [37] and the distal
convoluted tubule [38]. Although similar studies have not been
performed in mammalian proximal tubule, studies using renal
BBMV have failed to demonstrate any direct coupling between
C!, Na and/or K4 [35, 36].
Parallel ion exchangers
Most of the evidence in the mammalian proximal tubule
suggests that, during active transcellular NaC! reabsorption,
Na and Cl move across the apical membrane by the action of
two parallel exchangers: Na-H and C1-base, where base
represents an anion capable of accepting protons to form a
C Parallel
ion exchangers
Cell Lumen
A Parallel B Neutral
conductive cotransport
pathways
Lumen Cell Lumen
Na - I
Na ,J.,
Cr
CI- L
Fig. 2. Models of neutral transcellular NaCl transport.
Cl-
x- = hydroxyl (Oir
formate (HCO)
bicarbonate (HCO)
oxalate (C2O)
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weak acid (such as, 0H, HC03, formate) as shown in Figure
2.
Evidence for a role for the Na-H antiporter in
transcellular, electroneutral NaC1 reabsorption
The existence of Na-H exchange was first suggested by
Homer Smith [39], but its first direct demonstration in renal
tissue was in BBMV in 1976 by Murer, Hopfer and Kinne [40].
This transporter, which is inhibitable by amiloride and its
analogs, has been extensively characterized in BBMV [41—43].
Studies by Burg and Green [44] in rabbit PCT, were the first to
suggest the presence of the Na-H antiporter in the intact
proximal tubule.
The importance of the Na-H antiporter to NaHCO3 reab-
sorption in the proximal tubule has long been known [44—49].
Although Berliner first suggested an important role of the
Na-H antiporter in NaCl absorption [50], it has only recently
been demonstrated. In 1985 Howlin, Alpern and Rector [48]
found that i0 M amiloride inhibited NaHCO3 reabsorption by
only 21 to 36%, far less than the 90 to 100% inhibition predicted
from rabbit BBMV studies. More importantly, i0 M amiloride
failed to show any inhibitory effect on NaC1 reabsorption in in
situ microperfused rat PCT using an artificial late proximal
tubular fluid. In contrast, in 1987 Baum [51] was able to
demonstrate a 50% inhibition of electroneutral NaCl absorption
using l0 M luminal amiloride in in vitro perfused rabbit PCT.
This discrepancy is due to species differences in amiloride
sensitivity of the Na-H antiporter [41, 52]. Recently, Preisig
et al [53] have shown that 4.3 mts amiloride is required to obtain
90% inhibition of the Na-H antiporter in in vivo rat PCT.
With this dose of amiloride rat proximal NaHCO3 and NaC1
reabsorption can be inhibited by 65% [49] and 50% [53],
respectively. In their experiments on the role of the Na-H
antiporter in NaCI absorption, the tubules were perfused with a
high chloride solution where approximately half of the net NaC1
absorption is passive and half is active. When net absorption
was corrected for the passive component, virtually all active
NaCl reabsorption was amiloride-sensitive.
Evidence for a role for C1-0H and C1-HC03 antiporters
in transcellular, electroneutral NaCI reabsorption
Transcellular, electroneutral NaCI reabsorption might be
effected by parallel Na-H and a C1-0H(HC03) exchange
mechanisms. Secreted H and 0H or HC03 would combine
in the luminal compartment to form water (H20) or carbonic
acid (H2C03), respectively.
An important role for C1-base exchange in renal proximal
NaCL reabsorption was first suggested in 1979 in the in situ
perfused rat PCT by Lucci and Warnock [22]. In an analogy to
the erythrocyte C1-HC03 exchange mechanism, the disulfo-
nic stilbene SITS at 10 M in the luminal perfusate inhibited
NaCl reabsorption by 30%. More recently Baum [51] has found
that the disulfonic stilbenes, 0.5 mM SITS and DIDS, inhibit
approximately 50% of transcellular, electroneutral NaCI reab-
sorption in rabbit PCT when added to the luminal fluid. These
two studies suggested the participation of a stilbene-sensitive
chloride/anion exchanger.
In 1981 Warnock and Yee [33] first demonstrated directly
coupled Cl—-OH- exchange in rabbit BBMV. But, as shown in
Table 2. Examination of Cl/OH(HCO3) exchange in renal brush
border membrane vesicles
Present Absent
Warnock, Yee 1981 [33] Sabolic, Burckhardt 1983 [52]
Burnham et al 1982 [541 Seifter et al 1984 [351
Shiuan, Weinstein 1984 [55] Cassano et al 1984 [56]
Chen et a! 1987 [361 Ives et a! 1986 [34]
Table 2, subsequent investigators generally failed to confirm the
presence of C1-base exchange in renal BBMV. The cause for
these difficulties is unknown, but probably revolves around
methodology. In the intact renal proximal tubule, a similar set
of conflicting observations regarding the presence or absence of
C1-base exchange has been obtained. In 1983 Schwartz [57]
was unable to find any evidence for Cl—-base exchange using
the same methodology that nicely demonstrated the Na-H
antiporter in rabbit PCT [58], whereas, Yoshitomi and Hoshi
[13] found evidence for Cl—-OH— antiporter in Triturus kidney
proximal tubules using measurements of intracellular C1 ac-
tivity. Alpern [59] and Baum [60] have measured cell pH
fluoremetrically to assess Cl—-OH— (HC03) exchange in the in
situ perfused rat and in vitro perfused rabbit PCT, respectively.
They did find evidence for C1-0H(HCO3) exchange, but the
small change in cell pH (0.02 pH units in rat PCT and 0.03 pH
units in rabbit PCT) following luminal addition of C1 could
only be detected when the basolateral base exit mechanism was
inhibited by bath SITS, and, in addition, in the rabbit luminal
Na-H entry had to be inhibited by amiloride. The need for
bath SITS and luminal amiloride could explain the failure of
Schwartz [58] to observe apical C1/base exchange.
An argument in favor of the view that a Cl-HCO3 exchange
mechanism might be important to electroneutral NaC1 reab-
sorption has been provided by Berry and Sasaki (unpublished
observations) and Baum and Berry [26]. Berry and Sasaki found
that in the absence of ambient NaHCO3 net volume absorption
is not different from zero in rabbit PCT. In contrast, Baum and
Berry found significant electroneutral NaC1 reabsorption in the
presence of 5 m ambient NaHCO3, suggesting an important
role for HCO3 at either the luminal or peritubular cell mem-
brane. If an apical C1-HCO3 were operating in parallel with a
Na-H exchanger, the reaction of secreted H and HC03
would generate large quantities of H2C03 in luminal fluid.
Consequently, luminal carbonic anhydrase would be required
for NaCI absorption to proceed optimally. However, Preisig et
al [531 found that addition of the potent carbonic anhydrase
inhibitor, methazolamide, to the luminal perfusate had no effect
on NaC1 absorption from a high chloride perfusate in rat PCT,
thus providing evidence against a significant role for apical
C1-HCO3 exchange.
To summarize these many studies, an apical stilbene-sensi-
tive C1/anion exchanger is involved in transcellular NaC1
transport, but it appears unlikely that Cl—-OH— or CF-HC03
are quantitively important in this process.
Evidence for a role of C1-formate in transcellular
electroneutral NaCI reabsorption
Transcellular, electroneutral NaC1 reabsorption might be
effected by the Na-H antiporter operating in parallel with a
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Table 3. Predicted free energy changes ( g) for parallel ion exchangers
HC02
mM
0.5
0.5
HCO,
mM
0.5
0.95
H2C02
mM
15.74 x i0
I 5.74 x io—
—A—- —B— —C—
Na-H Cl-HCO3 Cl-OH Cl-HCO, Cl-HCO2 Cl-HCO2
g/RT —1.37 —2.24 —2.24 —1.54 —2.18 0
— Ultrafiltrate perfusate —
A B C
Na-H
g/RT —2.47 Cl-HCO3—1.09
Cl-OH
—1.09
Cl-HCO2
—1.54
Cl-HCO2
—0.84
Cl-HCO,
0
Cl-formate exchanger. Secreted H and formate (HC02)
would combine in the tubule fluid to generate formic acid
(H2C02) which could then recycle back into the cell by nonionic
diffusion.
In 1983 Guggino, Martin and Aronson [61], while studying
urate transport in dog BBMV, first suggested a possible role of
C1/intracellular organic anion exchange as a possible mecha-
nism for effecting uphill C1 reabsorption in the proximal
tubule. However, it was in 1985 when Karniski and Aronson
[621 first provided evidence for CF-formate exchange. Using
renal cortical BBMV these authors observed that: (1) 36Cl
uptake was dramatically enhanced by an outwardly directed
formate gradient; and (2) '4C-formate uptake was dramatically
enhanced by an outwardly directed Cl gradient. Both uptake
processes were inhibited by the disulfonic stilbene. DIDS.
Negative results were obtained with a large number of other
organic and inorganic anions, such as acetate and gluconate.
Since this report, others have confirmed the presence of Cl-
formate transporter in BBMV [34, 36] or intact PCT [59, 60].
Karniski and Aronson [62] were also the first to suggest the
possible importance of C1-formate exchange to transcellular
electroneutral NaCI reabsorption in the proximal tubule. For
Cl— -formate exchange to be relevant to proximal NaCI reab-
sorption, the formic acid formed in the tubule fluid must recycle
across the apical membrane to provide a continuing supply of
cellular formate. This is important because plasma concentra-
tions of Cl— are 110 m, whereas those of formate range
between 0.1 and 1.4 mM [63]. Karniski and Aronson [62]
demonstrated that nonionic diffusion of formic acid might
provide the mechanism for formate recycling. These authors
reasoned that nonionic diffusion of formic acid should be
accelerated into an alkaline compartment and be insensitive to
inhibitors of carrier-mediated anion transport. They found that
generation of an alkaline intravesicular pH greatly enhanced the
uptake of '4C-formate into renal BBMV and that this process
was not inhibited by DIDS.
In 1986 Schild et al [291 demonstrated the participation of the
proposed C1-formate exchanger in in vitro perfused rabbit
proximal tubules. In both proximal convoluted and straight
tubules perfused with a solution high in C1, simulating late
proximal tubular fluid, and bathed in a serum-like solution,
addition of 0.5 mrvi formate to the perfusate and bath solution
resulted in a 100% increase in the rate of volume absorption,
which under these conditions represents predominantly NaCI
reabsorption. In contrast, 0.5 ms's formate failed to stimulate
volume absorption in early PCT perfused with 25 m bicarbon-
ate solutions. The failure of formate to act in the latter condition
is probably related to inability of formic acid to recycle. In the
presence of 25 m bicarbonate concentrations, tubular fluid pH
is 7.4 and cell pH is 7.1 to 7.3 [64—66], thus the ability to
generate a favorable formic acid concentration gradient across
the luminal membrane would be severely limited (see discus-
sion below and Table 3). In contrast, the ability of formate to
stimulate NaCI absorption when the perfusate is a high chlo-
ride, low bicarbonate solution is probably related to the ability
of formic acid, and thus formate, to recycle. In the presence of
5 m bicarbonate in the lumen, but 25 m bicarbonate in the
bath, tubular fluid pH is approximately 6.7 and cell pH is
approximately 6.9 to 7.2 [65], thus providing a favorable pH
gradient for nonionic diffusion from lumen to cell.
It is difficult to assess the quantitative contribution of Cl-
formate exchange to transcellular, electroneutral NaCl reab-
sorption because the metabolic production of formate in renal
proximal cell is not known. The studies of Schild et al [291
— High chloride perfusate —
A B
H2C02
mM
5,74 x 1O3 x iO
—A— —B— —C—
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suggest an important, but not necessarily exclusive role for
metabolically-derived formate. When intracellular pH is mea-
sured fluoremetrically in the presence of bath SITS, and for the
rabbit luminal amiloride, larger changes in cell pH were seen
following luminal C1 addition in the presence of lumen and
bath formate than in its absence in both rat (0.06 vs. 0.02 pH
units) [59] and rabbit (0.11 vs. 0.03 pH units) [60] PCT. These
data suggest that the activity of a Cl-0H/HC03 anion
exchange mechanism in the apical cell membrane is low relative
to that of C1-formate. Although it is difficult to evaluate the
quantitive significance of changes in cell pH because of the
many other transport mechanisms involved in its regulation,
these data taken together with those of Schild et al [29] suggest
that C1-formate exchange may play a major role in transcellu-
lar, electroneutral NaC1 reabsorption in the mammalian proxi-
mal tubule.
Evidence for C1 -0x exchange in transcellular,
electroneutral MaCi reabsorption
Transcellular, electroneutral NaC1 reabsorption might be
effected by operation of parallel NatH and Cl-0x ex-
changers.
In 1987 Karniski and Aronson [671 provided evidence in
BBMV that, in addition to the C1-formate exchanger, there is
a separate Cl -0x exchanger which can substitute formate for
C1. These two pathways for C1 movement across the apical
membrane can be separated on the basis of their electrogenicity
and inhibitor sensitivity. The Cl-formate exchanger is electro-
neutral and more sensitive to furosemide than the disulfonic
stilbene, DIDS, whereas, the Cl-formate-0x exchanger is
electrogenic and far more sensitive to DIDS than to furosemide,
In order to effect transcellular electroneutral NaCl reabsorp-
tion, secreted Ox might combine with secreted H to form
oxalic acid, and oxalic acid might recycle Ox by nonionic
diffusion, as suggested for formate recycling. However, the
plasma concentration of 0x is on the order of ito 3 pM and the
pK's are 1.27 and 4.27; thus the concentration of oxalic acid
would be far too low to provide a sufficient driving force for
0x recycling with normal lipid oxylic acid permeabilities.
Alternatively, secreted 0x might recycle from lumen to cell
via an 0x-0H or 0x-formate exchangers. To date, no
assessment of the contribution of Cl-0x exchange to proxi-
mal electroneutral NaCl absorption has been reported.
Thermodynamic analysis of apical membrane Na-H and
C1-anion exchangers
Experimental data suggest that C! -formate exchange is an
important mechanism of anion exchange during electroneutral,
transcellular NaCI reabsorption. The theoretical possibility and
probable direction of any ion exchange mechanism can be
assessed thermodynamically. A reaction will proceed sponta-
neously when the change in Gibbs free-energy (AG) is less than
zero. In Table 3 the predicted free-energy changes for parallel
Na-H and Cl-base exchangers are presented during condi-
tions where the tubular perfusate is a high chloride solution
mimicking late proximal tubular fluid (top) and where it is an
ultrafiltrate-like solution (bottom). For all situations presented
the ion exchange mechanisms proceed spontaneously in the
direction of Na and C1 reabsorption, that is, the G is
negative. Thus, the failure of physiologic data to strongly
support Cl—-OH— and Cl-HC03 exchange is not for lack of
sufficient driving forces during either high chloride or ultrafil-
trate perfusion of the lumen. Indeed, should either of these
transporters be present in the apical membrane in sufficient
quantity, transcellular, electroneutral NaCl reabsorption should
occur from either solution, not just from the high chloride
perfusate. Table 3 also quantifies some obvious points. For
example, with an ultrafiltrate perfusate the change in free-
energy for Na-H exchange is greater than with a high
chloride perfusate. The opposite is true for Cl—-OH— and
Cl-HC03.
The most interesting aspect of Table 3, however, is its
analysis of the thermodynamics of Cl-formate exchange. C1-
formate exchange is analyzed using a pK for formate/formic
acid of 3.78 and, since human plasma concentration of formate
range from 0.1 to 1.2 m, we chose 0.5 m as a reasonable
estimate of cell formate. The columns marked "A" assume that
the lumen and cell formate concentrations are equal. The
columns marked "B" assume that the formic acid permeability
is infinite and, therefore, that the formic acid concentrations in
lumen and cell are in equilibrium. The columns marked "C"
assume that the activity of the C1-formate exchanger is infinite
and, therefore, that the G for the exchanger is close to zero.
The conditions represented by columns "B" and "C" repre-
sent the two extremes of formate and formic acid concentration
gradients between cell and lumen. Furthermore, both extreme
conditions ("B" and "C") predict that Cl-formate and formic
acid recycling would occur during perfusion with either high
chloride-low bicarbonate or ultrafiltrate-like solutions: in case
"B" because formic acid permeability is so high, and in case
"C" because there is a significant concentration gradient for
formic acid. However, Schild et al [29] found that formate-
stimulated NaCI reabsorption is obtained only during high
chloride perfusion, and not during ultrafiltrate perfusion. This
strongly suggests that the physiologic operation of this system
is limited by the formic acid permeability and the formic acid
concentration gradient and is probably close to the condition
represented by "A", which shows a reversal of the formic acid
gradient during ultrafiltrate perfusion and is consistent with the
failure to observe formate-stimulated electroneutral, transcel-
lular NaCl reabsorption when luminal fluid bicarbonate concen-
tration is 25 mM [29].
Formic acid recycling is critical to continued operation of
C1 -formate exchanger and thus formate-stimulated electroneu-
tral NaCl reabsorption. Figure 3 shows HBase recycling, and
Table 4 presents some calculations attempting to estimate the
recycled formic acid flux and to compare it with the magnitude
of formate-stimulated NaCl reabsorption observed in rabbit
PCT [291. Walter and Gutknecht [68] have measured formic
acid permeability in lipid bilayer membranes and found that it is
some sixfold greater than that predicted by Overton's rule,
possibly as high as 1.110—2 cm/s. To obtain the formic acid flux
this permeability must be multiplied by the total surface area
per mm tubule length and the formic acid concentration gradi-
ent. The luminal surface area was obtained using a lumen
diameter of 24 m and a brush border folding factor of 36 as
reported by Welling and Welling [69]. An estimate of the
concentration gradient between lumen and cell for formic acid
during high chloride perfusion assumed equal formate concen-
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Fig. 3. Electroneutral NaCI transport across the apical cell membrane
of the proximal tubule via parallel Na/H and Cl/base ion exchang-
ers with HBase recycling via nonionic diffusion.
Table 4. Formic acid (HF) recycling
HF(lipid) = HF permeability in egg PC-decane bilayer
= 1.1 l02 cm/s [68]
FF = folding factor = 36 [69]
HF(pcT) = PHF(fld) x FF x Area = 0.4 cm/s 1.8 io ni/mm mmCHF = 2.74 10—' si (Table 3, high chloride perfusate, A)
HF = recycling flux of HF HF(PCT) X CHF
= 5 pmol/mm mm
Formate-stimulated NaCI flux = 0.5 nI/mm mm [29] = 75 pmol/mm
mm
trations in lumen and cell of 2.74 1O M (Table 3, top, column
A). These data permit an estimate of the recycled formic acid
flux of approximately 5 pmol/mm mm, which is some 15 times
less than the 75 pmol/mm mm of formate-stimulated NaCl flux
reported by Schild et al [29] in rabbit PCT. This discrepancy can
be rationalized by raising the luminal formic acid concentration
and/or by increasing the formic acid permeability 15-fold. The
largest possible formic acid gradient is represented in Table 3 by
column "C", 11 lO M, or a fourfold increase over the 2.74
l0 M given in Table 3, column "A". A greater increase in the
luminal formate concentration would result in a reversal of the
driving forces across the C1-formate exchanger and formate-
stimulated electroneutral, transcellular NaCl absorption would
stop. In conclusion, in order to obtain a 15-fold increase in
recycled formic acid flux, the formic acid permeability for
proximal tubule brush border membranes must be considerably
greater (5- to 15-fold) than estimated from lipid bilayers.
Finally, some comments on the thermodynamics of Cl-0x
exchange are in order. As mentioned above plasma oxalate
concentration are in the 1 to 3 im range and the pKs are 1.27
and 4.27, yielding oxalic acid concentrations far too low to
permit significant recycling. Recycling of oxalate, however, via
either 0x-0H or 0x-HC02 is possible. The net effect of
such parallel anion exchangers would be thermodynamically
identical to Cl—-OH— and C1-formate exchange, but, impor-
tantly, with a requirement for oxalate.
Summary
The proximal tubule utilizes multiple mechanisms to reabsorb
filtered NaCI. In the early PCT electrogenic Na-coupled organic
solute transport generates a lumen-negative PD which drives
Cl passively through the paracellular pathway. Preferential
reabsorption of HC03 and organic solutes in the early PCT
elevates luminal Cl concentration, which in the late PCT
provides the driving force for passive reabsorption of both Na
and C1. However, most of the NaCI reabsorbed in the PCT is
mediated by an electroneutral mechanism in which equivalent
amounts of Na and Cl move transcellularly across apical and
basolateral membranes.
In the mammalian PCT the evidence overwhelmingly sup-
ports parallel Na-H and C1-base exchangers as the mecha-
nism by which Na and C1 cross the apical membrane during
electroneutral, transcellular NaCI reabsorption. OH—, HC03,
formate and Ox have all been suggested to be the anion
exchanged for C1. An important physiologic contribution of
formate has been shown in in vitro microperfusion studies [29].
Measurements of intracellular pH using fluorescent dyes [59,
60] support a quantitatively important role for formate and
argue against a large contribution of 0H and HC03. The
absence of a role for HC03 is also supported by in vivo
microperfusion studies using methoxazolamide [53]. The poten-
tial role of oxalate requires physiologic evaluation.
To date, the experimental data suggest that C1-formate is
probably the predominant anion exchange mechanism. One
may ask why, in a process so critical as NaCl reabsorption, the
tubule would choose to use a "toxin" rather than one of those
ions more familiar to renal physiologists? The answer may lie in
the dual responsibility of the PCT in conserving filtered
NaHCO3 on the one hand and filtered NaCl on the other. If
0H or HC03 were involved in the exchange process with
Cl—, there would always be an adequate driving force for
Cl-base exchange, even in the face of 25 mt't luminal HC03,
and the ability to reabsorb HC03 would be compromised. In
contrast, by using formate in the exchange with C1, significant
formic acid recycling, and consequently net electroneutral
NaCI reabsorption, would not occur until most of the filtered
NaHCO3 had been reabsorbed and the luminal fluid signifi-
cantly acidified.
Lumen
Na ÷
HBase
Base
CI -
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